Colorectal cancer is associated with aberrant activation of the Wnt pathway. β-Catenin plays essential roles in the Wnt pathway by interacting with T-cell factor 4 (TCF4) to transcribe oncogenes. We synthesized a small molecule, referred to as HI-B1, and evaluated signaling changes and biological consequences induced by the compound. HI-B1 inhibited β-catenin/TCF4 luciferase activity and preferentially caused apoptosis of cancer cells in which the survival is dependent on β-catenin. The formation of the β-catenin/TCF4 complex was disrupted by HI-B1 due to the direct interaction of HI-B1 with β-catenin. Colon cancer patient-derived xenograft (PDX) studies showed that a tumor with higher levels of β-catenin expression was more sensitive to HI-B1 treatment, compared to a tumor with lower expression levels of β-catenin. The different sensitivities of PDX tumors to HI-B1 were dependent on the β-catenin expression level and potentially could be further exploited for biomarker development 
Introduction
Colon cancer is the third most common cancer diagnosed in both men and women in the United State (Siegel et al., 2016) . Although the incidence rate of colon cancer is decreasing due to the introduction of colonoscopy, and the removal of precancerous lesions, incidence and death rates are still increasing among people younger than 50 years old (Siegel et al., 2016) . Chemotherapy of colon cancer has been heavily dependent on 5-fluorouracil (5-FU), a genotoxic drug that blocks DNA synthesis and replication. Since target-based intervention was introduced in cancer therapy, epidermal growth factor receptor (EGFR) inhibitors combined with 5-FU-based treatment have increased the overall survival rate of colorectal cancer patients with K-ras wild-type gene expression (Bokemeyer et al., 2009; Douillard et al., 2010) . However, the elucidation of additional important targets, and the development of specific inhibitors are still challenging goals.
β-catenin is a central component of the Wnt signaling pathway, and aberrant expression or prolonged activation of β-catenin is frequently associated with various diseases, including cancer (Polakis, 2012; Clevers and Nusse, 2012; Kahn, 2014) . The role of β-catenin and Wnt signaling in carcinogenesis has been studied extensively in cancer, especially in colorectal cancer. The expression level and the activity of β-catenin is tightly regulated by its upstream regulator, the destruction complex, which includes the tumor suppressor adenomatous polyposis coli (APC), glycogen synthase kinase 3β (GSK3β), casein kinase 1α (CK1α) and the scaffold protein AXIN (Gumbiner, 1997) . When β-catenin is translocated from the cytosol to the nucleus, it binds with T-cell factor 4 (TCF4), to transcribe target genes such as axin2 (Leung et al., 2002) , cyclin D1 (Shtutman et al., 1999) and c-myc (He et al., 1998) .
The importance of the Wnt pathway in tumorigenesis has made it a promising target for drug development (Kahn, 2014) . Over the past decade, the down-regulation of Wnt signaling in cancer cells was achieved by small molecules (Anastas and Moon, 2013) . Compounds that target upstream of β-catenin include tankyrase inhibitors IWR-1 (Chen et al., 2009 ) and XAV939 (Huang et al., 2009 ) and casein kinase 1α activator pyrvinium (Thorne et al., 2010) . These inhibitors facilitate β-catenin degradation by enhancing the activity of the β-catenin destruction complex. Direct inhibition of β-catenin by PKF115-584 (Sukhdeo et al., 2007; Lepourcelet et al., 2004) and CGP049090 (Lepourcelet et al., 2004) reduces target gene expression without affecting the protein expression level of β-catenin. Methyl 3- ([(4-methylphenyl) sulfonyl]amino)benzoate (MSAB) was recently reported to target β-catenin and induce ubiquitination (Hwang et al., 2016) . MSAB selectively killed Wnt-dependent cancer cells (Hwang et al., 2016) . BC2059 (Fiskus et al., 2015) , LF3 (Fang et al., 2016) , PKF118-310 (Lepourcelet et al., 2004) , PKF118-744 (Lepourcelet et al., 2004) , PKF222-815 (Lepourcelet et al., 2004) , ZTM000990 (Lepourcelet et al., 2004) , iCRT3 (Gonsalves et al., 2011) , iCRT5 (Gonsalves et al., 2011) , iCRT14 (Gonsalves et al., 2011) , ZINC02092166 (Catrow et al., 2015) , and henryin (Li et al., 2013 ) also directly inhibit β-catenin ( Supplementary  Fig. 1 ). Despite these efforts, the effectiveness of Wnt/β-catenin inhibitors in clinical trials is yet to be determined, and strategies to identify patients who will respond to the inhibitors are still largely elusive (Kahn, 2014) .
The patient-derived xenograft (PDX) model comprises a surgically dissected clinical tumor sample that is implanted into immunodeficient mice (Byrne et al., 2017) . Unlike established cell lines that are cultured in vitro for many passages, the PDX tumor is believed to recapitulate tumor heterogeneity and, thus, better reflects the features of the original human cancer (Aparicio et al., 2015; Hidalgo et al., 2014) . In particular, the PDX model has become a valuable tool to test small molecules with anti-cancer activities in drug discovery and biomarker development (Aparicio et al., 2015; Cho et al., 2016) . Although the PDX model can be perceived as time-consuming to establish and might be highly variable, drug responses obtained from PDX mice are highly consistent with responses observed in human patients (Byrne et al., 2017) . For example, the overall response rates of EGFR antibodies in PDX colorectal cancer studies were similar to those found in the clinic (Bertotti et al., 2011; Cunningham et al., 2004) . A comparative analysis of EGFR antibody sensitivities in PDX models (Bardelli et al., 2013) and patient (Kawazoe et al., 2015) populations in different studies revealed that the response rate in PDX can reflect the clinical outcome (Byrne et al., 2017) .
Herein, we synthesized a small molecule, referred to as HI-B1, and report that the small molecule shows an inhibitory effect against β-catenin/TCF4 luciferase activity in colon cancer cells. HI-B1 preferentially causes apoptosis of cancer cells in which the survival is dependent on β-catenin. The inhibition of the β-catenin/TCF4 pathway by HI-B1 resulted in apoptosis, and binding assays show that β-catenin is a direct target protein of HI-B1. HI-B1 disrupts the interaction between β-catenin and TCF4 in vitro and ex vivo. A PDX colon cancer study showed that HI-B1 inhibits the growth of tumors with a high expression level of β-catenin, but was not effective against tumors with a low level of β-catenin. We anticipate that these preclinical results will provide the groundwork for the translational research of β-catenin inhibitors, and the development of biomarkers to match patients with specific inhibitors in the era of precision oncology.
Materials and Methods

Reagents
All antibodies were commercially available, including β-catenin, β-actin, cyclin D1, α-tubulin and GST from Santa Cruz Biotechnology (Santa Cruz, CA), c-Myc and TCF4 from Cell Signaling Technology (Beverly, MA), lamin B from Calbiochem (San Diego, CA). The luciferase assay substrate and the Cell Titer 96 Aqueous One Solution Reagent [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS)] kit were from Promega (Madison, WI).
Synthesis of 4-(
To a solution of 4-(Dimethylamino) benzaldehyde (2.98 g, 20 mmol) in ethanol (40 ml), Sodium dithionite (3.48 g, 20 mmol) in water (20 ml) was added. The resulting mixture was stirred at room temperature for 20 min and then 4-Fluoro-1,2-phenylenediamine (2.52 g, 20 mmol) was added portion wise. The resulting reaction mixture was refluxed for about 14 h. The solution was then diluted with water. The obtained brown precipitate was filtered and purified by recrystallization from ethanol to give 2.5 g of 4-(5-fluoro-1H-benzo[d]imidazol-2-yl)-N, N-dimethylaniline. Nuclear magnetic resonance (NMR) spectra were determined in DMSO using a 
Cell Culture
All cell lines were purchased from American Type Culture Collection (ATCC, Manassas, VA) except for LIM1215 from Sigma-Aldrich (St. Louis, MO). Cells were comprehensively authenticated by PCR using humanspecific primers and morphology checks through microscopes before being frozen as recommended (Almeida et al., 2016) , and free of mycoplasma from Hoechest 33258 staining (Chen, 1977; Marx, 2014) . Each vial of frozen cells was thawed and used in experiments for a maximum of 8 weeks. Cells were cultured in RPMI 1640 (DLD1, LIM1215, H838) or MEM (CACO2, LS174T, WiDr, CCD-18Co) or McCoy's 5A (HCT116, HT29) or DMEM (293 T) containing penicillin (100 units/ml), streptomycin (100 μg/ml), and 10% fetal bovine serum (FBS; Gemini Bio-Products, Calabasas, CA). The NIH3T3 cell line was cultured in DMEM with 10% calf serum (CS; Gemini Bio-Products). All cells were incubated at 37°C with 5% CO 2 .
Luciferase Assay
Transient transfection was performed using jetPEI (Promega). Assays to detect firefly luciferase and Renilla activities were performed according to the manufacturer's manual (Promega). Briefly, cells were seeded onto 10-cm plates and co-transfected with 400 ng of the Renilla luciferase internal control gene and 4 μg of the TOPFlash luciferase reporter construct containing three tandem Tcf consensus binding sites upstream of luciferase cDNA, or the FOPFlash luciferase reporter construct, a plasmid with mutated Tcf binding sites. After 16 h of transfection, cells were trypsinized and seeded onto 48-well plates, and then treated with respective compounds for 24 h. Luciferase and Renilla activities were measured using their respective substrates.
harvested from 293T cells at 24 or 48 h after transfection. The cells were infected with the lentiviruses in the presence of 10 μg/ml of polybrene (Sigma Aldrich, St. Louis, MO). After 24 h of infection, the cells were treated with puromycin for selection, and then pooled for subsequent analysis.
Flow Cytometry for Analysis of Apoptosis
For analysis of apoptosis, cells (1.5 × 10 5 cells per well) were seeded into six-well plates and cultured overnight, then exposed to 50 μM HI-B1 for 48 h. Cells were trypsinized, and washed twice with cold PBS. They were then resuspended with PBS and incubated for 5 min at room temperature with annexin V-FITC plus propidium iodide. Cells were analyzed using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA).
Anchorage-independent Cell Transformation Assay
Cells (8 × 10 3 /well) suspended in 10% Basal Medium Eagle (Sigma Aldrich) were added to 0.3% agar with different doses of HI-B1 in a top layer over a base layer of 0.5% agar with the same concentration of HI-B1. The cultures were maintained at 37°C in a 5% CO 2 incubator for 1 wk. and then colonies were counted under a microscope using the Image-Pro Plus software (v.6.1) program (Media Cybernetics, Rockville, MD).
7-Day Proliferation Assay
CACO2 cells were seeded into 6-well plates (2 × 10 5 cells/well) and cultured with or without different doses of HI-B1. After 7 days of incubation, cells were fixed with 4% paraformaldehyde (in PBS), and then stained with 0.5% crystal violet (in water) (Sun et al., 2014) .
Foci Formation Assay
Transformation of NIH3T3 cells was performing following standard protocols. Cells were transiently transfected with combinations of pcDNA3-H-RasG12V (100 ng), pcDNA3-β-catenin (1 μg) and pcDNA3-mock (as compensation to achieve equal amounts of DNA) plasmids and incubated overnight. Then the cells were cultured in 5% CS-DMEM with or without HI-B1 for 2 wk. The media were changed every other day. Foci were fixed and stained with 0.5% crystal violet (Clark et al., 1995) .
Western Blot Analysis
Cells were disrupted on ice for 30 min in cell lysis buffer (20 mM Tris pH 7.5, 150 mM NaCl, 1 mM Na 2 EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM sodium vanadate, and 1 mM PMSF [phenylmethylsulfonyl fluoride]) with protease inhibitor cocktail (Roche, Switzerland). The supernatant fraction was harvested after centrifugation at 13,000 rpm for 10 min. Protein concentrations were determined with the Bio-Rad protein assay reagent (Richmond, CA). For nuclear and cytosol fractions, NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific, Waltham, MA) were used according to the manufacturer's protocol. The protein lysates were separated by SDS-PAGE and transferred to polyvinylidene fluoride membranes in 20 mM Tris-HCl (pH 8.0), containing 150 mM glycine and 15% (v/v) methanol. Membranes were blocked with 5% non-fat dry milk in 1 × TBS containing 0.05% Tween 20 (TBS-T) and incubated with primary antibodies at 4°C overnight. Protein bands were visualized by the LAS4000 Biomolecular Imager (GE Healthcare, United Kingdom) and Western Lightning Plus ECL (Perkin Elmer, Waltham, MA) after incubation with appropriate secondary antibodies.
Quantitative PCR (qRT-PCR)
Total RNA from cells was extracted using RNeasy Plus Mini Kit (Qiagen, Valencia, CA) following the manufacturer's instructions. The reverse transcription reaction was performed with the amfiRivert cDNA Synthesis Platinum Master Mix (GenDepot, Barker, TX). Expression of the indicated genes was assessed with a 7500 real time PCR system (Applied Biosystems, Carlsbad, CA) using the Power SYBR Green Master Mix (Life Technology, Grand Island, NY). Reaction plates were incubated in a 96-well thermal cycling plate at 95°C for 10 min and then underwent 40 cycles of 15 s at 95°C and 1 min at 59°C. All reactions were performed in triplicate. Relative quantitation (RQ) was calculated using the 2 −ΔCt method, where ΔCt symbolizes the change in Ct between the sample and reference mRNA. The following primers were used to detect expression: GAPDH, 5′-AGCCACATCGCTCAGACAC-3′ (forward), 5′-GCCCAATACGACCAAATCC-3′ (reverse); cyclin D1, 5′-AGCTCCTGTGCTGCGAAGTGGAAAC-3′ (forward), 5′-AGTGTTCAATGA AATCGTGCGGGGT-3′ (reverse); AXIN2, 5′-CTGGCTCCAGAAGAT CACAAAG-3′ (forward) and 5′-ATCTCCTCAAACACCGCTCCA-3′ (reverse); β-catenin, 5′-ACCTTTCCCATCATCGTGAG-3′ (forward), 5′-AATCCACTGGTGAACCAAGC-3′ (reverse).
Protein Purification
A construct comprising residues 126-686 of human β-catenin (AB451264) was sub-cloned into pET-46 Ek/LIC vector (EMD Millipore). The recombinant His-fusion β-catenin was expressed in E. coli BL21 (DE3) and purified by affinity chromatography using nickelnitrilotriacetic acid-agarose (HisPur™ Ni-NTA, Thermo Scientific). The protein was eluted from the resin with 250 mM imidazole, 150 mM NaCl, 20 mM Tris, pH 8.0, and purified further on a gel-filtration HiLoad 16/60 Superdex-200 column (GE Healthcare) equilibrated with buffer (150 mM NaCl, 20 mM CAPS, pH 10.5).
Ex Vivo Pull-Down Assays
Cell lysates (500 μg) were incubated with HI-B1-Sepharose 4B (or Sepharose 4B only as a control) beads (50 μl 50% slurry) in reaction buffer (50 mM Tris, pH 7.5, 5 mM EDTA, 150 mM NaCl, 1 mM DTT, 0.01% NP-40, and 2 mg/ml bovine serum albumin). After incubation with gentle rocking overnight at 4°C, the beads were washed 3 times with buffer (50 mM Tris, pH 7.5, 5 mM EDTA, 150 mM NaCl, 1 mM DTT, and 0.01% NP-40) and the binding proteins were visualized by Western blotting.
Co-Immunoprecipitation Assay
Cells were treated with the indicated concentrations of HI-B1 for 24 h and then disrupted with lysis buffer. Immunoprecipitation was performed by incubating overnight with anti-β-catenin. Protein G Agarose beads (50 μl) (GenDepot, Barker, TX) were added and the solution was incubated for 6 h at 4°C. The beads were washed 3 times with lysis buffer. Bound proteins were harvested and visualized by Western blotting.
In Silico Molecular Docking
The Glide module from Schrödinger Suite 2011 was used for prediction of a small molecule-protein binding mode. A crystal structure of a human β-catenin structure (PDB ID:1JPW) was downloaded from Protein Data Bank. The binding pocket was selected around the K312 and K435 residues, which are reported to be important in the β-catenin/ TCF4 binding mode. The XP (extra precision) docking was repeated N30 times, and the most frequent outcomes of β-catenin in chemicalprotein interaction were selected as possible binding residues.
Animal Experiments
All animal experiments were reviewed and approved by the Institutional Animal Care and Use Committees of the University of Minnesota (Minneapolis, MN) and Zhengzhou University (Zhengzhou, Henan, China).
Patient-derived Xenografts (PDX)
Fresh tumor tissue fragments were collected from colon cancer patients and transferred at 4°C in FBS-free RPMI 1640 medium with antibiotics. Tumor tissues were trimmed into 3-5 mm sizes within 2 h after surgical resection, and implanted subcutaneously in 6 to 8 week-old female SCID mice (Vital River Laboratories Co., Ltd., Beijing, China). Once mass formation reached 1500 mm 3 , mice of this first generation of xenografts (named P1) were sacrificed and the tumors were passaged and expanded for 3 more generations (P2 and P3). When P4 tumors reached an average volume of 50 mm 3 , mice were divided into different groups (n = 8/group) and treated with vehicle or HI-B1 50 mg/kg, respectively, 3 times a week by oral gavage. HI-B1 was dissolved in 5% DMSO and 5% PEG containing PBS. Mice were sacrificed at the end of the experiment and tumors extracted. Tumor volume was calculated using the following formula: tumor volume (mm 3 ) = (length × width × height × 0.5). These studies were approved by the Ethics Committee of Zhengzhou University. Patients whose tumors were used in these studies were completely informed and provided consent.
APC min Mouse Model
C57BL⁄6J-Apc
Min/+ mice (APC min mice, RRID: IMSR_JAX:002020)
were purchased from the Jackson Laboratory (Bar Harbor, ME), bred and genotyped according to the manufacturer's protocol. Male 6-week-old mice were treated with vehicle or 2 or 10 mg/kg/day of HI-B1 by oral gavage for 10 weeks (n = 6/group). At the end of the experimental period, the intestine and colon were removed, opened longitudinally, and fixed flat between filter paper sheets in 10% buffered formalin overnight. These sections were stained with a 0.2% methylene blue (Sigma-Aldrich) solution, and the mucosal surfaces were assessed for counting polyps with a stereoscopic microscope. One centimetre-long sections were prepared from the same position of ileum across the groups, and mRNA was extracted for further realtime PCR analysis.
Immunohistochemistry
Colon cancer patients-derived xenograft samples were fixed in 10% formalin overnight, embedded in paraffin, and sectioned at 5 μm of thickness. The sections were stained with haematoxylin and eosin (H&E) according to standard protocols. Immunohistochemistry staining for β-catenin and c-Myc was performed using an ABC complex kit (PK-6100, Vector Laboratories, Burlingame, CA). Harris's haematoxylin was used for counter staining. The staining intensity was quantified by calculating the integrated optical density (IOD) using the Image Pro-Plus 6.1 software program (Media Cybernetics) (Li et al., 2015) .
Statistical Analysis
All quantitative results are expressed as mean values ± standard deviation. Statistically significant differences were obtained by one-way ANOVA. A p-value of b 0.05 was considered to be statistically significant (*P b 0.05, **P b 0.01, ***P b 0.001).
Results
HI-B1 Preferentially Attenuates Growth and Induces Apoptosis of Cancer Cells in Which β-Catenin is Essential for Survival
HI-B1 (patent number: US9616047) was rationally designed by cyclization of resveratrol (Fig. 1a) . Based on the effect of resveratrol against the Wnt/β-catenin pathway (Chen et al., 2012) , we sought to change its structure and make small molecules with strong inhibitory effects on the pathway. HI-B1 inhibited β-catenin/TCF4 luciferase activity in a dose-dependent manner in two different colon cancer cell lines (Fig. 1b) . Because the inhibition of Wnt/β-catenin activity can reportedly kill cancer cells (Lepourcelet et al., 2004; Sukhdeo et al., 2007; Chen et al., 2009; Grossmann et al., 2012; Hao et al., 2013; Li et al., 2013; Fang et al., 2016; Jang et al., 2015) , the effect of HI-B1 on cell growth and apoptosis was investigated. HI-B1 treatment suppressed growth of several types of colon cancer cells (DLD1, CACO2 and HCT116), but did not affect the H838 lung cancer cell line (Fig. 1c) . As previously reported (Licchesi et al., 2008 ), H838 expressed a low level of β-catenin compared to other cancer cell lines (Fig. 1d) . Based on these findings, the specificity of HI-B1 on the β-catenin pathway was further examined. By using short hairpin RNA that target β-catenin, we were able to find cell lines in which the survival is dependent on β-catenin. Knockdown of β-catenin resulted in apoptosis in DLD1, CACO2 and HCT116 cells, whereas H838 and CCD-18Co (normal colon epithelial cell line) cells, were only marginally affected by the knockdown (Fig. 1e) . HI-B1 treatment also preferentially resulted in more apoptosis in DLD1, CACO2 and HCT116 cell lines, compared to H838 and CCD-18Co cells (Fig. 1f) .
HI-B1 Inhibits Anchorage-independent Growth of Colon Cancer Cells by Reducing β-Catenin Target Gene Expression
β-catenin is a primary driver in colon cell transformation , therefore the effects of HI-B1 on cancer cells were examined using soft agar, a measure of cell transformation and anchorage-independent growth of cancer cells. Results indicated that HI-B1 treatment significantly inhibited anchorage-independent growth of DLD1 and HT-29 colon cancer cells (Fig. 2a) . The growth of CACO2, another colon cancer cell line, was also suppressed by HI-B1 in a 7-day proliferation assay (Fig. 2b) . To further confirm the effect of HI-B1 on the β-catenin pathway, an H-ras/β-catenin-induced foci formation assay was conducted. According to previous studies (Espada et al., 2009; Damalas et al., 2001) , constitutively active Ras facilitates nuclear translocation of β-catenin to induce cell transformation. In agreement with these findings (Damalas et al., 2001) , foci formation of NIH3T3 cells was substantially induced by co-transfection of H-ras and β-catenin, but not by single gene transfection (Fig. 2c) . Notably, HI-B1 attenuated H-ras/β-catenin-induced foci formation. These results reveal that HI-B1 inhibits anchorage-independent growth and foci formation, where β-catenin plays an important role.
We next focused on how HI-B1 affected the Wnt/β-catenin signaling pathway. Quantitative real-time PCR results showed that HI-B1 treatment decreased mRNA expression of cyclin D1 and axin2 in DLD1 and CACO2 cell lines (Fig. 2d) . HI-B1 also down-regulated cyclin D1 and cMyc protein levels (Fig. 2e) . Of particular note, the β-catenin protein level was not changed by HI-B1, either at the protein or mRNA level. This suggests that HI-B1 could inhibit the nuclear translocation of β-catenin (Jamieson et al., 2014) or directly bind to β-catenin and suppress its activity (Kahn, 2014) . To study this issue further, HI-B1 treated and untreated cytosolic and nuclear fractions were examined, and results showed that nuclear translocation of β-catenin was not altered by the compound, which suggested a direct-binding mechanism of action (Fig. 2f) .
HI-B1 Directly Binds With β-Catenin, but not TCF4, to Disrupt the β-Catenin/TCF4 Interaction
To determine whether HI-B1 binds to β-catenin directly, HI-B1 was conjugated to sepharose 4B-beads and incubated with cell lysates. β-Catenin was detected by Western blot and results showed that HI-B1 directly binds with β-catenin (Fig. 3a) . Notably, TCF4, which is a binding partner of β-catenin, and with which it forms a complex for inducing gene transcription, was not bound to HI-B1. The interaction between β-catenin and TCF4 has been implicated as Lysates of nine different cell lines were prepared and β-catenin expression was detected by western blots. (e) Cells were incubated for 48 h after the shRNA infection and antibiotic selection. Apoptosis was measured by annexin V/propidium iodide staining and flow cytometry. (f) DLD1, CACO2, HCT116, H838 and CCD-18Co cell lines were treated with HI-B1. Apoptosis was measured after 48 h of treatment with flow cytometry. All values of graphs present mean ± standard deviation (SD) (in triplicate). Significant differences were calculated by oneway ANOVA compared with DMSO-treated group or sh-mock group (*P b 0.05, **P b 0.01, ***P b 0.001). a core element of the Wnt pathway in colorectal cancer cell growth (Segditsas and Tomlinson, 2006) . The binding of HI-B1 with β-catenin disrupted the interaction between β-catenin and TCF4 in vitro (Fig.  3b) . His-tagged β-catenin and GST-tagged TCF4 were incubated with or without HI-B1, and His-β-catenin was pulled down with nickel beads. The amount of TCF4 co-immunoprecipitated with β-catenin was decreased in HI-B1 treated groups. The effect of HI-B1 against β-catenin/TCF4 complex formation was also confirmed in DLD1 and CACO2 cell lines (Fig. 3c ). These results demonstrate that HI-B1 directly binds with β-catenin and disrupts the β-catenin/TCF4 interaction.
We next conducted in silico docking, to predict the important binding residues of HI-B1. A nitrogen atom was found to be responsible for a hydrogen bond with β-catenin (Fig. 3d) . HI-B1-NC, a derivative of HI-B1 in which the nitrogen atom (N) is substituted with a carbon atom (C), was synthesized, and its biological activities were compared with HI-B1. The N to C substitution completely attenuated the effect of HI-B1 against DLD1 colon cancer cell growth (Fig. 3e) . The inhibitory effect on β-catenin/TCF4 luciferase activity was also eliminated by the substitution (Fig. 3f) . Overall, the nitrogen atom of HI-B1was found to be important for its direct binding with β-catenin. To verify the efficacy of HI-B1 in vivo, a PDX colon cancer model was utilized. Tumor fragments were from two different patients (JG5 and JG14) and immunohistochemistry analysis of the two PDX tumors indicated a difference in β-catenin expression. JG5 had a high level of β-catenin expression, compared to JG14 (Fig. 4a) . The effect of HI-B1 was examined on each of the two colon cancer PDX models to determine whether the expression level of β-catenin could be a predictive marker for sensitivity to a β-catenin inhibitor. Interestingly, HI-B1 treatment reduced the weight and volume of the JG5 PDX tumor, but had no effect on the JG14 PDX tumor (Fig.  4b, c) . Although the efficacy of HI-B1 against only two PDX tumors with differential levels of β-catenin expression was examined, . (e and f) HI-B1 and HI-B1-NC (a nitrogen atom was substituted with a carbon) were treated to DLD1 cells (n = 3). Proliferation was measured by MTS assay at 48 h (e), and β-catenin/TCF4 luciferase activity was measured by luminometer at 24 h (f). Significant difference with DMSO-treated group by One-way ANOVA (*P b 0.05, **P b 0.01, ***P b 0.001).
these findings suggest that tumors with higher levels of β-catenin might be more sensitive to β-catenin inhibitor treatment. The decrease in c-myc expression by HI-B1 was confirmed by immunohistochemistry (Fig. 4d) . Further studies testing HI-B1 in more PDX tumors will be needed.
To further confirm the in vivo efficacy of HI-B1, the APC Min mouse model was utilized. This mouse model exhibits aberrant activation of β-catenin, and HI-B1 treatment reduced the number of polyps (Fig.  4e ). In addition, the mRNA expression levels of c-myc and cyclin D1 (Fig. 4f, g ) were also decreased. Overall, these results indicate that HI-B1 inhibits β-catenin-driven tumorigenesis in vivo.
Discussion
Most cases of sporadic colon cancer are caused by genetic mutations of several Wnt pathway proteins, including APC, axin and β-catenin, resulting in stabilization of β-catenin and the formation of the β-catenin/TCF4 complex (Clevers and Nusse, 2012; Korinek et al., 1997) . Although a number of inhibitors against the Wnt pathway and β-catenin have already been identified (Catrow et al., 2015; Fang et al., 2016; Fiskus et al., 2015; Gonsalves et al., 2011; Lepourcelet et al., 2004; Li et al., 2013) , none of them have been approved by the FDA for the treatment of colon cancer (Kahn, 2014) . Thus, the development of specific β-catenin inhibitors is still valuable. In this study, we identified HI-B1 as an inhibitor of β-catenin/TCF4 luciferase activity (Fig. 1b) , which could be promising for developing drugs that target the β-catenin pathway. The molecular mechanisms of HI-B1 were investigated, and we found that it directly binds β-catenin, and disrupts the β-catenin/TCF4 interaction (Fig. 3b, c) . Based on these promising in vitro results, we examined its efficacy in vivo. We found that a PDX tumor expressing high levels of β-catenin was more sensitive to β-catenin inhibitor treatment, as compared to another PDX tumor expressing lower levels of β-catenin (Fig.  4b, c) . Thus, we showed that a β-catenin inhibitor could attenuate the growth of a colon cancer patient-derived tumor, and that sensitivity to the inhibitor might be dependent on the expression level of β-catenin. HI-B1 has a unique structure, as compared to other previously reported β-catenin/TCF4 inhibitors ( Supplementary Fig. 1 ), and we examined the therapeutic potential of this small molecule. The relatively small molecular weight (255.3) of HI-B1 provides opportunities to further develop HI-B1 analogues. Using several biological approaches, we showed that HI-B1 specifically inhibited the β-catenin pathway. Importantly, the efficacy of the HI-B1 in a preclinical cancer model, the colon cancer PDX model, was verified. Our data suggest that HI-B1 is a β-catenin/TCF4 interaction inhibitor, and can be used for the drug development pipeline.
Our study provides a rationale for examining the β-catenin levels in colon cancer patients before Wnt/β-catenin inhibitors are prescribed. The significant differences observed in β-catenin expression levels between different colon cancer patients (Fig. 4a) were rather unexpected, regarding the well-known importance of β-catenin in colorectal cancer (Kahn, 2014) . Similar to HER2 (human epidermal growth factor receptor 2)-targeted drugs, such as lapatinib and trastuzumab, which are recommended only to HER2-positive breast cancer patients (Arteaga et al., 2011) , HI-B1 was only effective in a PDX model where β-catenin is highly expressed (Fig. 4b, c) . These results suggest that the β-catenin expression level might be correlated with the efficacy of Wnt/β-catenin inhibitors against colon cancer. Such information could be further exploited for biomarker development, and therapeutic applications against colon cancer, especially in the ongoing clinical trials of Wnt pathway inhibitors.
Supplementary data to this article can be found online at https://doi. org/10.1016/j.ebiom.2017.09.029.
Funding Sources
The research was supported by The Hormel Foundation and National Institutes of Health (R01-CA187027). S.H.S. was supported by a Bioinformatics and Computational Biology fellowship and a Doctoral Dissertation Fellowship from the University of Minnesota.
Conflicts of Interest
None of the authors have any financial conflict of interest that might be construed to influence the results or interpretation of this manuscript. Funders played no role in study design, data collection, data analysis, interpretation or writing of this report. 
